ABSTRACT A novel nano-biointerface for the detection and control of neurons has been proposed as "an artificial synapse." This article introduces two approaches that I have been focusing on. The first approach is the observation of a single functioning receptor protein by using atomic force microscopy (AFM). The receptor protein was purified, reconstituted into a lipid bilayer and observed in a physiological solution. The tetrameric and dimer-of-dimer structure of the receptor protein and the electrical signals from the protein proved that the protein was successfully handled in the process, which was designed to integrate it in an artificial post-synapse. The second approach is a neuronal affinity examination based on a single neuron that is undertaken by combining a scanning electron microscope (SEM) and a focused ion beam (FIB). Then, according to the information thus obtained, the neurons exhibited the potential to be guided by employing topographic features, namely nano-pillars, made of suitable materials. This approach enables neurons to grow close to the artificial post-synapse and to interact with the device. These approaches will improve the technologies needed to realize an artificial synapse, which will be a useful platform for neurons that will allow us to examine the mechanism of synaptic formation and that will be applied to pharmacology, drug discovery, and medical science.
Introduction
Nano-biotechnology is a multidisciplinary scientific area that combines nanotechnology and biology. Recent major advances in nanotechnology have made it possible to obtain precise biological information and to regulate living bodies by utilizing various interfacial technologies. Among interfacial technologies, the electrochemical method is an excellent technique that enables us to obtain chemical properties in biological samples by using electrodes non-invasively as well as to regulate the functions of living bodies by releasing chemicals to a limited area within them. Therefore, the electrochemical method has the potential for various applications in the nano-biotechnology field such as medical care, innovative drug development and science.
I have been attempting to fabricate a novel bio-interface or "nanobiodevice", namely "an artificial synapse", as shown in Fig. 1 . There are more than 100 billion neurons in a human brain and they develop their function from a complicated network by delivering signals through synaptic connections. 1 This artificial synapse can be realized by neurons forming synaptic connections with a silicon-based device, namely "the artificial post-synapse", fabricated by combining nanotechnology and biomolecules. The artificial synapse can constitute a novel platform for neurons and help us to understand the signaling mechanism between neurons in a network and to regulate biological functions. Using this platform, the mechanism of the brain can be investigated from the signal of each synapse at the molecular and synapse levels, for example, we can identify the membrane proteins needed to induce a synaptic connection, and elucidate the mechanism by which a synapse transmits signals.
Our group has demonstrated several essential technologies for realizing an artificial synapse. The formation of a lipid bilayer is an important technology in terms of achieving an artificial postsynapse, and we succeeded in creating stable supported 2 and suspended lipid bilayers over cavities formed in a silicon substrate by lithography. 3 This article describes the main topics that I have been investigating to achieve an artificial synapse, which is a novel biological interface. I have focused on receptor proteins for incorporation in the lipid bilayer. A receptor protein is the smallest functioning biomolecule, whose size is a few tens of nanometers. An appropriate technique for handling receptor proteins is essential if we are to maintain their functions and assemble them into siliconbased devices.
I have also been examining the basics of synapse formation in the artificial synapse. To achieve a synaptic connection, a neuron has to be located physically close to the artificial post-or pre-synapse. Thus we need to optimize substrates on which the neurons are cultivated to grow neuronal axons or dendrites on the device. Axons or dendrites will then be needed to form a synapse, which is promoted by various types of stimulation such as chemical or electrical stimulation.
The first section of this article describes how single, isolated receptor proteins were used to purify and reconstitute the receptor proteins, which function in the post-synapse of the neuronal synapse. It also describes the observation of the functioning structures with atomic force microscopy (AFM) under liquid conditions. Furthermore, fast-scanning AFM observation revealed the structural changes in the receptor caused by ligands. The second section examines the neuronal affinity to the substrate by using a focused ion beam/scanning electron microscope (FIB/SEM) to reveal the high affinity material using a single neuron. Then, nanostructured substrates were prepared and it was confirmed that neurons could be guided on the structure as scaffolds.
Several important problems remain to be solved if we are to realize an artificial synapse, including control of the receptor orientation, control of the position of the receptor for integration in a cavity, and the detection of synaptic signaling using the cavity with the receptor protein as a high performance transducer. Electrochemical detection is expected to be a tool for detecting direct signaling from pre-synapses without them passing through receptor proteins. By dealing with these issues and using these techniques, we will establish a platform for investigating the mechanism of neuronal synaptic formation by using this artificial synapse, which is a novel nano-bio interface. Furthermore, by selecting the proteins to be incorporated in the lipid bilayer, the function of the artificial post-synapse can be modified, which will make it possible to functionalize neurons elongated on the device. This novel nano-bio interface will enable us to establish a new communication tool for use with biological living bodies.
Single Molecular Observation of Receptor Proteins
Receptor proteins are a natural biodevice for transmitting extracellular information into a cell. Extracellular information includes small molecules such as amino acids and peptides (ligands), which bind to receptors as agonists to activate or inhibit the receptor functions. These receptors located in the synapse play important signaling roles in the living body, especially in the central nervous system, and are essential for biological functions in the brain. 4 One type of receptor protein is a ligand-gated receptor. The activation of ligand-gated ion channel receptors by ligand molecules released from the pre-synapse involves conformational changes within each subunit, which open the channel and allow cations to permeate thus mediating a fast synaptic transmission. Most ligandgated receptors consist of multiple "subunits" that express receptor functions. Receptor functions differ with different combinations of subunits. 5, 6 Thus, a receptor protein can be an excellent, highly functional ultra-small biodevice that is closely related to biological functions.
Among ligand-gated receptors, ionotropic glutamate receptors (iGluRs) are one of the essential receptors responsible for excitatory neurotransmission. Each iGluR subunit is known to consist of an amino-terminal domain (NTD), two ligand-binding domains (LBD), and a transmembrane domain (TMD). 7, 8 Structural studies have concentrated mostly on the ligand-binding domain using electrophysiology 9 and X-ray crystallography. [10] [11] [12] [13] This tetramer was formed as a dimer-of-dimers, mediated by interactions between compatible NTDs, and this 2-fold rotational symmetry of the LBDs extends down to deeper within the pore with a possible transition to 4-fold rotational symmetry. 14, 15 Cryo-electron microscopy (cryo-EM) of single intact iGluRs (at 2 nm resolution) also indicates that the receptor may have a dimer-of-dimers configuration; it measures 17 © 11 © 14 nm, with the largest dimension corresponding to longitudinal extent along the two-fold symmetry axis. 16, 17 Another group found that the iGluR conformation changed with stimulation, and that the orientation of NTDs is also changed substantially by desensitization. 18 Although the above methods can be used to examine detailed iGluR structural information, they do not allow structural measurements under physiological conditions. AFM, on the other hand, permits the topographical imaging of biomolecules with submolecular resolution in a liquid environment. [19] [20] [21] In addition, AFM can be used for imaging native membranes. 2, 3, 22 However, the relationship between the overall structure of the protein and its function has yet to be determined because of the difficulty in observing functioning membrane proteins.
Here, I have succeeded in imaging the external features of iGluRs in a physiological environment by using AFM. The iGluRs were reconstituted into an artificial lipid bilayer to maintain their structure and biological activity by establishing conditions similar to those in the native membrane. 23 As the reconstitution of membrane proteins restores their activity, AFM observation of membrane-reconstituted proteins will provide us with information about their conformational changes corresponding to physiological reactions.
AFM images of iGluRs before and after reconstitution
iGluRs were over-expressed in insect cells, purified and reconstituted into lipid membranes. Then the iGluRs in the lipid membranes formed proteoliposomes, which could be ruptured on the substrate to form supported lipid bilayers with the reconstituted iGluRs. AFM images were obtained in a buffer from membranes immobilized on a mica substrate. 23 When we used AFM to observe the protein sample obtained after purification [ Fig. 2(A) ], we could see lipid domains that arose from the small amount of lipid used in the final purification process and large speck-like features 60-70 nm in diameter and 6-8 nm high, which correspond to aggregated proteins. These features were mostly located outside the lipid patch or at the edge of the membrane patches. After the protein samples were solubilized and reconstituted in a supported lipid bilayer, the lipid patches were much more extensive than in the purified samples greater than 1 µm in extent, and many features were evident in the interior of the domains as indicated by the arrows [ Fig. 2(B) ]. More importantly, smaller features with heights of 2-3 nm were more abundant after reconstitution. This suggests that the solubilization-reconstitution process tends to separate the aggregated proteins so that they assume a more stable configuration as isolated molecules within the lipid membrane. Some large features shown by the arrowheads in 0.5 µm Electrochemistry, 84(9), 688-694 (2016) Fig. 2 (B) indicate where the proteins aggregated, which was possibly due to them not being successfully reconstituted. To achieve a stable reconstituted sample, careful determination of the lipid-to-protein ratio and the detergent are required. 23 Because this AFM image does not allow us to identify the protein orientation in the lipid bilayer, we examined the protein orientation by using a primary antibody specific to the amino-terminal or carboxyl-terminal and further with a gold colloid conjugated secondary antibody, and we observed the height changes of each feature in the lipid bilayer. The examination can also be undertaken by using fluorescent imaging of the protrusions in the lipid bilayer. 24 Thus we confirmed that most of the protrusions were NTDs, which is reasonable when lipid bilayer was formed from the fusion of proteoliposomes made by small unilamellar vesicles. Then we observed each NTD reconstituted in the lipid bilayer with higher magnification.
Single structure of reconstituted functioning iGluRs
High-resolution AFM images of the extracellular surface of the reconstituted iGluRs (Fig. 3) revealed features with heights of ³2 nm and approximately the same overall size but with a range of shapes. In some cases a distinct tetrameric internal structure was seen, which corresponds to the four NTD subunits [ Fig. 3(A) ], and in some cases there were two blobs in a feature implying a dimer-ofdimers structure [ Fig. 3(B) ]. The height of the domains above the membrane was substantially smaller than the length of the combined NTD and LBD measured with cryo-EM (³10 nm), whereas the mean diameter (³16 nm) was larger than the mean width observed in the cryo-EM measurements. 18 In the cryo-EM studies the proteins were isolated from any surrounding membrane by detergents and then frozen. The difference in the protein environment might therefore be expected to give rise to differences in size, especially as the AFM measurements come closer to physiological conditions, but AFM tip-induced deformation may also be a contributing factor.
The cryo-EM data reported by Madden et al for over-expressed homomeric GluR2 protein indicate that the extracellular domain extends 12 nm above the TMD. 16 ,17 Nakagawa et al. studied heterotetrameric iGluR purified from rat brains and obtained quite different results: two distinct structural types were identified -one with an extended extracellular configuration measuring 11 nm above the TMD, the second being a distinctly splayed structure in which the NTD dimers were well separated: considerable heterogeneity was observed in the latter case, and the height of the extracellular domains was as small as 4-5 nm, essentially the height of the LBD. 18 The small height measured with AFM may be due in part to a tip-protein interaction causing the protein to be driven deeper into the membrane. However, when we compare the AFM data and the EM measurements we see that the receptor volume is quite similar for over-expressed samples assuming that we observed four extracellular domains with diameters and heights of 16 and 2 nm, respectively, with AFM, and assuming that with EM the extracellular domains were ellipsoid with diameters of 14, 12, and 11 nm.
AFM images of iGluR clusters
To examine the height reduction in the AFM images, we investigated a similar observation of the sample with an increased density of the protein reconstituted in the lipid bilayer. 25 After the iGluRs were confirmed to be functioning by using an electrophysiological method, we confirmed that the protrusions from the bilayer were isolated iGluRs ranging from 2-5 nm in height above the membrane with a full height of ³11 nm, similar to that of the low density iGluRs. It is clear from these data that the height is significantly smaller than the value of 18 nm determined with X-ray measurements, 26 and of 17 nm obtained with EM. 27 However, the combination of a larger volume and a longer incubation time induces receptor clusters to form in supported membranes. Up to 8 individual receptors could be resolved within these clusters, which corresponds to a density of ²200 µm ¹2 , a value that is comparable to the density of AMPARs, one type of iGluR, in the adult rat cerebellum (437 « 277 µm ¹2 ). 28 When clustered, the receptors exhibit dimensions closer to the values found in the EM and X-ray data. Figure 4 (A) shows a small linear cluster of three proteins in close contact. The height scan data show that the full height of these receptors is 17 nm [Fig. 4(B) ]. The increase in the protein height observed upon clustering confirms that imaged iGluRs are indeed full length, and that their NTDs have remained intact during the reconstitution and imaging. This result strongly suggests that protein-protein interactions stabilize the structural conformation of the extracellular domains, and that neither thermal fluctuations nor tip-sample interactions are sufficiently strong to disassociate the NTDs.
The lateral extent of the receptors is also more compact, although the tip geometry is too large to be able to completely resolve the proteins along the line of contact. Nevertheless, the cross-section is now clearly elongated. The 3D reconstruction shown in Fig. 4 (C) provides a useful perspective view of the extracellular domains of the receptor protruding above the membrane. Unlike the images of the isolated receptors in Fig. 3 , the internal structure arising from individual subunits is not resolved, but there is evidence of a central pore on the symmetry axis: a dip ³2 nm deep and ³6.5 nm across (limited by the image pixel size). The pore depth is somewhat less than that measured in the crystal structure of the near full length iGluR tetramer, most likely due to the combined effects of the tip geometry and thermal fluctuations of the protein in the liquid environment. The observed lower structural heterogeneity is expected for the clustered receptors since the spatial confinement of the extracellular domains makes them less sensitive to perturbations.
Conformational changes observed by fast-scanning AFM
Our group observed the reconstituted iGluRs consecutively using fast-scanning AFM, which enables high frame rate observation, 29, 30 and succeeded in the first visualization of real-time conformational changes by the ligand binding of the membrane-inserted architecture of native iGluRs under liquid conditions. 31 Without ligands, tetrameric particles of NTDs exhibited various conformations including a circular structure without subunits, structures with two-and four-fold symmetry, and a dimer-of-dimers structure. Figure 5(A) shows one of the various structures. In fact, the NTD in the NR2 subunit, one of iGluR subunits, has been reported to change spontaneously between open and closed conformations, 32 so the NTD conformation appears to be flexible under the ligand-unbound condition. Then the iGluRs were stimulated with an agonist. The NTDs appeared to be less flexible showing the dimer-of-dimers conformation, and after 30 minutes, a large gap had formed between the two NTD dimers [ Fig. 5(B) ]. This large gap was suppressed by pre-treatment with antagonists From these measurements we can conclude that iGluRs are highly deformable, unlike crystalline or low temperature environments. After being stimulated with ligands, the extracellular parts exhibited large agonist-induced changes, which were inhibited by antagonists. Our data demonstrate that ion channel proteins reconstituted into supported lipid bilayers on a substrate can be controlled by using small exogenously applied compounds (i.e. ligands). AFM might also be useful for examining the allosteric change in the iGluRs through the cytoplasmic domain because of its key role in allosteric modulation by various proteins. 7 The Cterminal domain also connects in vivo to the cytoskeleton in the postsynaptic terminal, and is strongly implicated in the trafficking properties of iGluRs such as internalization and recycling, which relate to synaptic plasticity. Consequently, AFM might also be used to examine the iGluRs synaptic density, and ultimately to probe the mechanism of synaptic plasticity.
All these membrane protein handling techniques, namely purification, reconstitution and observation, as well as the functional measurement of proteins such as channel activity with a fluorescent indicator 22 or by electrical activity, 24 are essential technologies for realizing an artificial synapse, a novel nano-biointerface for neurons. Electrochemistry, 84(9), 688-694 (2016) 3. Neuronal Guidance using Nano-structures as Novel Bio-interfaces Among several issues with the technologies needed to realize the artificial synapse, the establishment of an interface at which to grow neurons is essential if we are to bring up neurons by elongate the neurites towards an "artificial post-synapse", and further to realize the synaptic connection. For such a technology, it is necessary to prepare an environment in which neurons can grow in vitro so that they adhere to a surface with high affinity and to elongate the neurites properly. On the other hand, to achieve an artificial synaptic connection, the artificial post-synapse should be covered with a lipid bilayer as in Fig. 1 because post-synaptic membrane proteins should be reconstituted into a lipid bilayer where they can only function as they do in vivo. However, neurons cannot grow on or adhere to a substrate covered with a lipid bilayer. Therefore, my colleagues and I proposed nano-pillars, which are nano-structures, as a scaffold on which the neurons can grow without adhering to the lipid bilayer. If neurons grow on nano-pillars used as scaffolds, the nano-pillars may control the neuronal growth direction, namely provide guidance.
Our group has succeeded in evaluating neural topography to examine apoptosis using a SEM. 33 We also evaluated the neuronal affinity with the substrate material at the single cell level by observing their interface by combining a SEM and a FIB to examine the substrate material for neuronal growth control so that the material could be utilized as a nano-structure for a scaffold.
Then, based on the knowledge we obtained, neurons were shown to grow on the nano-structures by patterning them using the materials for which neurons showed high affinity. In this article, we introduce our examination of the interface between neurons and a substrate, and neuronal growth control, namely guidance, using a nano-structure.
Evaluation of neuronal affinity and growth with different
substrates Neuronal in vitro cultivation has been widely used with the aim of elucidating neuronal signaling mechanisms and for applications in the neural engineering field. Our group has cultivated neurons on various substrates to create interfacial devices for neuronal guidance and thus realize artificial synapses.
The interfacial state between neurons and substrates is important information as regards controlling neuronal growth when we fabricate neuron-integrated devices. Detailed information about the interface between single neurons and substrates especially nanostructures can be important in terms of controlling neuronal growth on nano-structured substrates.
There are several techniques that can be used to observe biological samples ranging from optical microscopes through scanning probe microscopes such as AFM. These optical and scanning probe microscopes enable us to observe cell surfaces in detail. However, they cannot be used to observe the internal structure of the cells or the interface between the cells and the substrate directly.
Our group has succeeded in evaluating the interfaces between single neurons and substrates by using focused ion beam (FIB) milling and subsequent scanning electron microscope. 34 A FIB can process samples by accelerating a gallium ion beam to obtain a high voltage. 35 This FIB with a SEM enables us to observe both the cross-sectional and three-dimensional structure of the neurons at a single cell level. Here, a cell sample was sliced with an FIB/SEM dual system and its cross-section was observed in great detail. 34 This section introduces the results we obtained when we observed neurons cultivated on either a gold (Au) or a titanium (Ti) substrate with a fluorescent microscope or an FIB/SEM dual system.
Neurons were obtained from rat cerebral cortex. Au has been widely used in the nanotechnology field because its surface chemical characteristics can be modified by functionalizing the surface through self-assembled monolayers of thiols. Ti has superior biocompatibility and its oxide is used in medical care for example as implants. 36 Thus, the evaluation of the neuronal affinity to different materials can lead to the optimization of neuronal growth scaffolds using nano-structures. Figure 6 shows SEM (A, C) and fluorescent (B, D) images of neurons cultivated on Au (A, B) and Ti (C, D), respectively. Green in the fluorescent images indicates neurons stained with fluorescent dye. A relatively large green grainy lump was observed on the Au, suggesting the aggregation of neurons. On the other hand, the neurons on the Ti were observed to be elongated, which means they had dispersed without aggregating. This suggests Ti is more cytophilic than Au. The cross-sectional examinations of the interface between the single neurons and the substrate obtained with an FIB/ SEM dual system showed that the neuron-Au interface exhibited partial adhesion [ Fig. 6(A) ]. On the other hand, a neuron on Ti showed adhered almost entirely to the Ti surface [ Fig. 6(B) ]. These results are consistent with an assessment made using fluorescence microscopy, and the difference reflects the neuronal affinity of the materials.
A fluorescent microscope can be used to evaluate the affinity of the multiple cells, but with a combination of FIB and SEM we can examine the difference in the affinity of a single neuron, and a precise evaluation is available with the substrate surface. A SEM can provide us with more detailed information because of its much higher spatial resolution, and a detailed interfacial examination will be possible even for nano-structures.
As the next step, we will be able to examine structural information about the neuronal adhesion interface in more detail using a single neuron by employing two-dimensional (2D) mapping, and they can further provide the 3D images by reconstruction of sliced 2D images. 37 Another approach involves avoiding the possibility of changing the cellular topologies by reducing the number of sample preparation processes consisting of fixation and dehydration by introducing low temperature (cryo) FIB/SEM. This will enable us to evaluate a more intact of neuron-substrate interface.
Neuronal guidance using nano-structures
Since the late 2000s, neuronal guidance using nano-scale structures including grooves, fibers and pillars has attracted attention, and the structural influences on neuronal adhesion and growth have been examined. 38, 39 However, little attention has been paid to nano-structural materials. Electrochemistry, 84(9), 688-694 (2016) As stated above, we examined neuronal affinity with different substrates using the cross-sectional observation of a single neuron. In this section, we examined neuronal growth and guidance capability using nanopillar arrays made of amorphous silicon (a-Si) and Au fabricated as scaffolds for neuronal growth. 40 We fabricated nanopillars 100 and 500 nm in diameter on quartz substrates using electron-beam lithography, and cultivated rat cortical neurons on them. The samples were then fixed and observed by using either scanning electron microscopy or confocal laser scanning microscopy after treatment. The first process of the treatment was fixation to stabilize the proteins, which constitute the main structural molecules of the cell. Thus the observed cell structure resembled their intact structure after fixation. The sample for SEM observation was further dehydrated and freeze-dried, and the sample for LSM was also immunostained to identify the specific protein localization. Figure 7 shows SEM images of neurites (axons or dendrites) elongated from neurons cultivated for 7 days on a-Si nano-pillars. The neurites were observed to adhere to the nano-pillars and they grew on pillars with diameters of 500 and 100 nm. Some of the narrower pillars were bent by the neurite growth (magnified in the inset in Fig. 7(b) ). By comparing the widths of neurites cultivated on different nano-pillar patterns, we found that the neurites were significantly wider on wider diameter pillars [ Fig. 7(c) ]. Neurites on the wider pillars were almost as wide as neurites on a plane substrate. This suggests that the size of the neuronal adhesion area affects the neurite width. This is because neurons adhere to an extracellular matrix (ECM) and express large integrin-rich protein complexes at the basal surface, which physically connects ECM to the cytoskeletons in neurons and induces them to widen and elongate. 41 The tips of the neurites, or growth cones, also need to increase their width during development, 42 and dendrites need to be wide enough to be able to induce synaptic connections to other neurons and to achieve high synaptic efficiency by decreasing the impedance in the neurites by increasing their width. 43 In the same way, the substrate surface condition, for example its structure, is important in terms of the morphological properties of neurons in vitro and also as regards functional behavior. This result shows that 500 nm diameter pillars allow neurites to grow in the same manner as on a planar substrate.
Then we examined neurons on different pillar materials as shown in Fig. 8 . Neurons grew longer along with the patterns on the a-Si pillars ( Fig. 8(A1) , shown with an arrow), while they elongated randomly both on Au pillars and on a quartz substrate [ Fig. 8(B1) ]. Fig. 8(B2) ]. The neurites on Au nano-pillars had a greater tendency to become attached to the quartz substrate, as shown by the arrow in B2. This corresponds to the result shown in Fig. 8(A1, B1) . A quantitative analysis revealed that there was a higher ratio of neurite tips on the a-Si pillars than on the Au pillars [ Fig. 8(C) ]. 40 SiO 2 , Si and gold are all biocompatible materials, however, the low affinity of neurons for Au observed in neuronal cross-sections obtained using FIB/SEM 34 could also be found even on the nanopillars. By contrast, SiO 2 and Si are commonly used as materials for neuronal platforms in vitro, 41, 44 which corresponds to our nanopillar results. These results demonstrate the possibility of realizing neuronal guidance using nano-pillars made of appropriate materials.
To Realize an "Artificial Synapse"
I have been focusing on achieving an artificial synapse, namely a novel nano-biointerface with neurons.
Receptor proteins responsible for synaptic transmission are important transducers for detecting neurotransmitters released from a pre-synapse after synaptic connection formation. This technology for manipulating and integrating the receptor protein in silicon based devices will be an important step towards achieving an artificial postsynapse. A highly sensitive and efficient detection method is another technology that must be achieved in the next step if we are to realize an artificial post-synaptic system. An electrochemical method is expected to provide a direct detection tool for neurotransmitters, which I have measured released from tissue, 45 not through receptor proteins, or other chemicals mediated in the synaptic cleft. Electrochemistry, 84(9), 688-694 (2016) A technology for evaluating the neuronal affinity in substrate material is also important in terms of controlling the neuronal growth. Specifically, our method using FIB/SEM only requires a single neuron to examine the affinity, and will be applicable to the neuronal affinity evaluation of nano-structured substrates. We then demonstrated the possibility of controlling the neuronal growth using nano-pillars made of high affinity materials. The neuronal growth direction can be controlled by controlling the pattern of the nano-pillar array. Neurons can be expected to grow towards the device, namely the artificial post-synapse. In the future, by using the artificial synapse as a platform on which to examine synaptic mechanisms, we will investigate the mechanism of synaptogenesis by the bottom-up examination of molecules, which is one of the neuronal controls for modifying a neuronal function.
The nano-biointerface presented in this article will be a novel, precise tool providing a platform of neuronal interface examination. This will also be a promising tool for future pharmacological and medical applications.
